STUDY QUESTION: What are the impacts of elevated testosterone (T) and an obesogenic western-style diet (WSD), either independently or together, on fertility and metabolic adaptations of pregnancy in primates?
Introduction
Polycystic ovary syndrome (PCOS) is the leading cause of infertility among reproductive-age women worldwide (Goodarzi and Azziz, 2006; Sirmans et al., 2014) , but the underlying mechanism of this infertility remains unclear. Among the PCOS population, there is significant heterogeneity in the presentation of the disorder, which likely hampers the ability to define the cause(s) of infertility. While elevated androgens are widely considered a hallmark of the disease, this symptom is not required for diagnosis of PCOS using the Rotterdam criteria (Rotterdam, 2004) . Hyperandrogenism may contribute to higher rates of pregnancy complications in normal weight women with PCOS, including greater risk of preterm birth, gestational diabetes, and cardiovascular complications (de Wilde et al., 2017; Sterling et al., 2016) . Many of the analyses have been performed with data from infertility patient populations seeking therapies, which may provide a confounding factor (Roesner et al., 2017) . Additionally, large-scale studies of pregnancy outcomes in women with PCOS are complicated by the high rate of obesity in this population (Palomba et al., 2016) .
Metabolic dysfunction is another symptom commonly observed in a significant subpopulation of PCOS patients. Rates of insulin resistance and/or obesity in PCOS patients is 50-80% (Legro et al., 2001; Ovalle and Azziz, 2002) , which is notably much higher than that observed in control populations. Obesity during pregnancy is associated with worsened metabolic outcomes, particularly hyperinsulinemia, gestational diabetes mellitus and endothelial dysfunction compared to controls (Ramsay et al., 2002; Chu et al., 2007; Catalano, 2010; Guelinckx et al., 2008) . Obesity is also associated with numerous complications of pregnancy including increased rates of preeclampsia, spontaneous abortion and emergency cesarean section (Balen and Anderson, 2007; Sebire et al., 2001) . Weight loss in obese PCOS patients improves fertility as does treatment with the insulin sensitizer metformin, indicating that insulin resistance particularly influences fertility in PCOS patients (Pasquali et al., 1997) .
These data indicate that hyperandrogenemia and obesity may both exert negative effects on fertility, but the role each plays in PCOS pathophysiology, and whether there is interaction between these two factors remains unclear. Teasing apart the differential effects of androgen and obesity is particularly difficult to do clinically because of the heterogeneity of these symptoms in the PCOS patient population. Recently, we developed a non-human primate model to specifically examine the effects of elevated androgens and an obesogenic western-style diet (WSD), and the interaction between these two factors, on both reproductive and metabolic health. Treatment beginning at puberty, to mimic parameters in adolescent girls at risk for PCOS (McCartney et al., 2007) , demonstrated that testosterone (T) exposure, regardless of diet, negatively impacted decidualization in the uterus (Bishop et al. 2017b) , which could potentially impair implantation during pregnancy. In addition, both T and/or WSD increased the occurrence of a PCO-like ovarian morphology and the numbers of poor quality/degenerated oocytes recovered from preovulatory follicles (Bishop et al. 2017a (Bishop et al. , 2017b . Also, the combination of T + WSD caused increased weight gain, fat mass gained (especially in the android region) and mild insulin resistance compared to either treatment alone, which could also hamper fertility . Despite continued menstrual cyclicity (with some changes in hormonal patterns and ovarian vascularity (Bishop et al. 2017b )), we hypothesized that the ovarian and uterine dysfunction would also hinder fertility. The current study sought to extend the previous findings in this primate model to determine what effects hyperandrogenemia and/or WSD have on fertility and gestational parameters.
Materials and Methods

Animals
All animal procedures were approved by the Oregon National Primate Research Center's Institutional Animal Care and Use Committee (IACUC) and comply with the Animal Welfare Act and the APA Guidelines for Ethical Conduct in the Care and Use of Non-human Animals in Research. The animal model and treatments used in the current study were described previously . Briefly, female rhesus macaques receiving treatments beginning at~2.5 years old (peripubertal) resulted in four groups (n = 9-10/group): control animals receiving cholesterol-filled silastic implants and normal monkey chow with 15% of calories from fat (C; Purina 5000/5052), animals receiving testosteronefilled silastic implants and normal monkey chow (T), animals receiving cholesterol-filled silastic implants and a WSD with 36% of calories from fat (WSD; Purina 5L0P), and animals receiving testosterone-filled silastic implants and a WSD (T + WSD). Detailed descriptions of implant preparation and subcutaneous placement, T-treatment as well as diet treatment were provided previously . All animals had ad libitum access to food during the day and food was removed at night. Previous characterization did not find differences in caloric intake between the four treatment groups . Average serum testosterone levels in the T and T + WSD group before initiation of current study was 1.35 ± 0.01 ng/ml, representing an~4-5-fold increase over levels observed in control females . Serum T levels were monitored weekly during gestation as previously reported . Levels were maintained by testosterone implants in T and T + WSD females at 1.3 ± 0.9 ng/ml during gestation (range: 0.9-1.9 ng/ml, data not shown). Animals were on treatment for~4 years at the end of the fertility study.
Fertility trial
Females were monitored daily for onset of menses/vaginal bleeding as previously reported (Bishop et al. 2017a (Bishop et al. , 2017b . From 4 to 6 days following onset of menses until introduction to the male, serum levels of estradiol (E2) were monitored daily to estimate impending ovulation. Once serum levels rose to ≥100 pg/ml, (indicating selection of a dominant preovulatory follicle), the female was pair-housed with a mature male of proven fertility for 4 days. Behavior was monitored closely to ensure compatibility between pairs, and females were swabbed vaginally each day during pairing to identify sperm within the female reproductive tract. Only pairings resulting in sperm within the tract were considered successful mating attempts.
A serum sample was collected on the day the female was removed from the male to confirm a drop in E2 levels and rise in serum progesterone (P4) levels ≥1 ng/ml, indicating likely ovulation (Young et al., 2003) . Serum P4 levels were then monitored every 2-3 days until either (i) serum P4 remained above 1 ng/ml for 30 days post-mating, indicating onset of pregnancy or (ii) P4 levels dropped below 1 ng/ml with concurrent menses, indicating implantation had not occurred. If a female did not conceive during her first mating, she would be monitored again for rise in serum E2 and repaired. The duration of the fertility trial was 4 months during the rhesus breeding season (December-March); during this time period females were mated up to three times (following a demonstrated rise in E2 ≥100 pg/ml).
If pregnancy was suspected, the female was fasted overnight at 30 days post-mating (near GD30;~mid first trimester), sedated with ketamine (10 mg/kg) and a blood sample was obtained for metabolic and steroid analyses. Subsequently, anesthesia was maintained by inhaled isoflurane/ O 2 for 3D/4D ultrasonography (GE Voluson E8, GE Healthcare, Chicago, IL) using the RNA5-9-D 4D Micro-convex Transducer to: (i) visualize the gestational sac (when present) and (ii) estimate the gestational age of the fetus (using crown-rump length method). Placental vascular parameters were also analyzed by contrast-enhanced ultrasonography (Keator et al., 2011) . Rhesus monkeys have a bi-lobed placenta; previous studies employing contrast-enhanced ultrasound in rhesus females during the early first trimester demonstrated that the primary lobe where the umbilical cord appears to attach forms first, and a secondary/accessory lobe forms a few days later (Keator et al., 2011) . The primary lobe, on average, has greater vascularity than the secondary structure. Blood volume (BV) to the bilobed macaque placenta was determined for both the dominant (presumably primary) and non-dominant (presumably secondary) lobes using custom software as previously described (Keator et al., 2011) . Regions of interest (lobes) were defined by microbubble contrast flow and compared to still images of similar focal points (see Supplementary Figure S1 and Supplementary Movie S1). In one WSD, one T and one T + WSD pregnancies, the non-dominant/secondary lobe was not clearly visualized and therefore BV was only measured in the one dominant/primary lobe of the forming placenta. After these measurements were obtained (for the pregnancies listed in Table I ), it was noted that one C group female developed a worsening skin condition which required bi-weekly sedation for skin therapy and therefore was excluded from gestational analyses.
Fetuses were collected at pregnancy termination between gestational Days 130-135 corresponding to the early third trimester. Dams were fasted overnight and sedated with 10-15 mg/kg ketamine with 0.1 ml glycopyrolate followed by transverse hysterotomy resulting in removal of the fetus. The fetus was immediately transferred to the necropsy suite and administered sodium pentobarbital (25-30 mg/kg iv) via the umbilical artery. Once a deep plane of anesthesia, and the absence of reflexes have been achieved, the aorta is severed and the final cause of death is exsanguination. Prior to exsanguination, fetal measurements of weight, crown-rump length, abdominal circumference and head circumference were performed. Sex determination was based on fetal gonads. Sample sizes for female fetuses were n = 4 for C group, n = 7 for T group, n = 4 for WSD group and n = 2 for T + WSD group. Sample sizes for male fetuses were n = 5 for C group, n = 3 for T group, n = 3 for WSD group and n = 2 for T + WSD group.
Longitudinal measurements during pregnancy
To assess metabolic function, circulating levels of both fasting glucose and insulin measures were assessed in each female across pregnancy. Animals were fasted overnight and sedated with ketamine (10 mg/kg) or Tiletamin HCl and Zolazepam HCl mixture (Telazol TM Zoetis Inc, Kalamazoo, MI;
4-5 mg/kg) for blood collection at GD30 (as described above), 60 and 90. On GD115, sedation was achieved with Telazol (3-5 mg/kg) for an accompanied glucose tolerance test (see below). Glucose was measured immediately using the OneTouch Ultra Blood Glucose Monitor (LifeScan), and the remainder of the blood was placed in heparinized tubes on ice for measurements of insulin. After GD30, serum levels of P4 were measured weekly until time of pregnancy termination (GD130-135, mid-third trimester T + WSD (n = 9**) 3 (33%)^6 (67%)^b 4 (44%) @ Overall effect of androgen P < 0.04 ♣ Overall effect of WSD P < 0.04
Different lower case letters indicate differences between individual treatment groups P < 0.05. *1 WSD female not cycling (no rise in E2, no P4 not mated); one WSD female only mated 2× (not pregnant) due to behavioral concerns. **1 T + WSD female possible biochemical pregnancy but no post-E2/LH surge rise in P4, not re-mated. 1 T + WSD pregnancy anembryonic (miscarried~GD60) and one twin pregnancy terminated at~GD105 due to impending premature delivery and fetal demise.
collected at GD30, 60, 90 and 115 during metabolic/ultrasound procedures described above and at the time of pregnancy termination for measurements of E2 and androstenedione (A4).
Intravenous glucose tolerance test
At GD115 (near the end of the second trimester), an intravenous glucose tolerance test (ivGTT) was performed as described previously . Briefly, animals were fasted overnight and sedated with Telazol (3-5 mg/kg). A glucose bolus (50% dextrose solution) was administered at a dose of 0.6 g/kg via the saphenous vein. Baseline blood samples were obtained prior to the glucose injection, and 1-ml blood samples were collected at 1, 3, 5, 10, 20, 40 and 60 min later by venipuncture (typically saphenous vein). Glucose was measured immediately using the OneTouch Ultra Blood Glucose Monitor (LifeScan), and the remainder of the blood was placed in heparinized tubes on ice for measurements of insulin.
Hormone and lipid assays
All hormone assays were performed by the Endocrine Technologies Support Core (ETSC) at the Oregon National Primate Research Center (ONPRC) as reported previously . All quality controls and calibrations provided by the company, as well as ETSC monkey serum standards, were analyzed with test samples.
Total serum estradiol (E2), progesterone (P4) and testosterone (T) were analyzed using a Roche Cobas e411 automated clinical platform (Roche Diagnostics, Indianapolis, IN). The assay ranges for the E2, P4 and T assays were 5-4300 pg/ml, 0.03 to −60 ng/ml and 0.025-15 ng/ml, respectively. Intra-and inter-assay CVs for the Roche assays in the ETSC are consistently <7%. Serum T was previously validated against liquid chromatography mass spectrometry (LC-MS) for this group of animals . Androstenedione (A4) was measured used an LDN ELISA with a range of 0.1-10 ng/ml and intra-assay variation of 6.8% and interassay variation of 13%.
Macaque chorionic gonadotropin (mCG) was measured in at least three samples collected between GD9-30 post-mating (spanning the interval of peak mCG production during macaque pregnancy (Atkinson et al., 1975) ) by radioimmunoassay using anti-ovine LH sera as originally reported in (Hobson et al., 1975; Hodgen et al., 1974) and validated by ETSC at ONPRC. The assay range is 0.01-5 ng/sample, and intra-assay CV was 5.7%. Peak mCG values of > 12 ng/ml following mating indicated an embryo was likely present and the female was possibly pregnant.
Insulin concentrations in monkey plasma were determined using a chemiluminescence-based automatic clinical platform (Roche Diagnostics Cobas e411, Indianapolis, IN); this assay was previously validated in nonhuman primates Varlamov et al., 2010) . The range of the insulin assay is 0.2-1000 uIU/ml. The intra-and inter-assay variations were <7%.
Additional serum was collected on GD130-135 immediately prior to surgical pregnancy termination and assayed for lipids. Cholesterol, highdensity lipoprotein (HDL), low-density lipoprotein (LDL) and triglyercides were measured on a Horiba Pentra 400 chemistry analyzer run by Oregon National Primate Research Center's Clinical Pathology section. The coefficients of variation reported by the manufacturers are: cholesterol interassay CV 0.5-1.5% and intra-assay CV 2.5-3%, HDL inter-assay CV 0.5-3% and intrassay CV of 1.6-2.5%, LDL inter-assay CV 0.7-3% and intra-assay CV 4-6.5%, and triglyceride inter-assay CV of 0.8-3% and intra-assay CV of 1.4-2%.
Statistics
AUC (calculated from zero), fetal correlations to maternal weight and Mann-Whitney comparisons between viable and non-viable/non-pregnant groups were performed in Prism Graphpad 7.0. Number of conceptions after one successful mating attempt and overall pregnancy rate were analyzed by generalized linear modeling/ type III Chi-Squared Analyses of SAS with main factors of androgen (T), WSD and interaction (T by WSD; version 6.1, SAS Institute Inc. Cary, NC, USA). Days to pregnancy in the fertility trial were analyzed by Life Tables/Kaplan-Meier method of SAS with censoring for variable non-pregnant status (females who failed to become pregnant during study interval). Days of implantation bleeding, blood volume of GD30 placenta, GTT measurements, chemistry panel measurements, and fetal measurements were analyzed by Linear Models Function of SAS with variables T, WSD and T by WSD. Repeated measures during gestation were analyzed by Mixed Models function of SAS (factors: gestational day (GD), T, WSD, T by WSD, GD by T, GD by WSD). When main factors were significant (P < 0.05), pairwise analyses were performed by Least Squared Means function with Tukey-Kramer adjustment for multiple comparisons.
Results
Fertility results
After first mating, 7 of 10 females in both the C and WSD groups conceived (70%; Table I ) as confirmed by presence of a gestational sac at GD30 and mCG values > 12 ng/ml. However, only 4 of 10 T (40%) and 3 of 9 (33%) of T + WSD females conceived at first mating (effect of testosterone: P < 0.04; Table I ). Of 39 monkeys in this study, only one female (WSD group) was not paired at least once with a fertile male since she was anovulatory (no rise in E2 > 100 pg/ml, no P4 > 1 ng/ml during each menstrual cycle). One WSD female was only paired twice due to behavioral issues unrelated to breeding, and did not become pregnant in either attempt. One T + WSD female was only paired once due to multiple anovulatory cycles; E2 levels peaked at >400 before mating, but P4 levels remained low (<1 ng/ml) until onset of menses indicating a disruption of the luteal phase and likely failed ovulation. Notably, a serum mCG level near assay cutoff of >12 ng/ml for pregnant animals was measured in this female (11.6 ng/ml), but a gestational sac was not present. This was the only possible biochemical pregnancy in the study, and because pregnancy status is uncertain for this female she is not included in the overall pregnancy rate for the T + WSD group. When the 4-month fertility trial was completed, all 10 of 10 C and T females became pregnant (100%), compared to only 7 of 10 WSD (70%) and 6 of 9 T + WSD (67%) animals (effect of diet: P < 0.004; Table I ). While a similar number of C and T females achieved pregnancy, the T-treated females required a greater interval of time to achieve pregnancy (C 63 ± 5, T 76 ± 6, WSD 55 ± 3 and T + WSD 80 ± 6 days to pregnancy; chi-square values: Log-Rank P < 0.0015, Wilcoxon P < 0.05; Supplementary Figure S2A ).
Abnormal conceptuses were noted in two T + WSD pregnancies by ultrasound at GD30 (Fig. 1A-D) . Compared to the expected gestational sac with a GD30 fetus (Fig. 1A) , one T + WSD-treated female had a sac with decidualized placental tissue but no visible fetus (Fig. 1B) . This anembryonic pregnancy disappeared by GD60 when repeated ultrasounds visualized a closed uterus (not shown). Another T + WSD-treated female had a gestational sac with two yolk sacs/ embryos ( Fig. 1C and D) . This was determined to be a rare (for rhesus macaques) monozygotic diamniotic twin pregnancy. This identical twin pregnancy was monitored every 2 weeks throughout gestation, but by GD106 (second trimester) both fetuses developed evidence of dilated fetal bladders, low amniotic fluid, and lower urinary tract obstructions, plus the dam presented with vaginal bleeding. Due to the presence of impending labor and fetal demise, and to preserve the health of the dam, the pregnancy was terminated. These two pregnancies were excluded from all additional analyses. Therefore, the number of pregnancies with viable fetuses (Table I ) was less in the T + WSD group (4/9), compared to the C (10/10), T (10/10) and WSD (7/10).
Early gestation
In females who maintained viable fetuses until GD130-135, the number of days of post-mating vaginal bleeding (implantation bleeding, an indication of successful implantation) was reduced in WSD-treated females (effect of diet P < 0.002; Supplementary Figure S2B) . Placental blood volume (BV) was measured by contrast-enhanced ultrasound at GD30 in the bi-lobed structure (e.g. Control placenta, Supplementary Movie S1, Supplementary Figure S1 ). A significant difference in BV was detected by placental lobe (effect of lobe, P < 0.035; Fig. 2) ; this was due to a significant difference in BV between the presumptive primary and secondary lobes of C females only (1.5-fold difference, P < 0.05; Fig. 2 ). In contrast, there were no significant differences in BV detected between presumptive primary and secondary lobes in the T, WSD and T + WSD groups (all P > 0.3). While an overall significant reduction in BV was detected by consumption of the WSD (effect of diet, P < 0.03; Fig. 2) , this was primarily due to reduced BV in the dominant/primary lobe of the placenta in all treatment groups compared to the C group (all P < 0.05 vs C; Fig. 2 ).
Metabolic measurements
As expected, body weight increased in all groups during pregnancy (effect of gestation: P < 0.01; Fig. 3A ). Exposure to WSD-treatment (WSD and T + WSD groups) further increased raw weight over gestation (effect of diet: P < 0.01); however, there were no significant differences between the four groups at any time point. In contrast, the percent weight gain did not show any effects of WSD or T treatment. Further analysis revealed that T + WSD animals had gained significantly less weight at GD135 compared to C animals (P = 0.02); however, inspection of data revealed this was primarily due to weight loss by one individual in the T + WSD group. This individual female began to lose weight at the end of the second trimester.
Fasting glucose levels remained relatively stable throughout pregnancy; however, both WSD (effect of diet: P < 0.01) and T (effect of testosterone: P = 0.03) had overall effects to increase fasting glucose across gestation (Fig. 3B) . Significantly higher levels of fasting glucose were detected in the T + WSD group compared to all other groups at GD115 (all P < 0.05). Fasting insulin levels increased in all groups over the duration of pregnancy (effect of gestation: P = 0.01), consistent with the well-documented increase in insulin secretion observed during pregnancy (Catalano et al., 1991; Kuhl, 1991) . Similar to fasting glucose, fasting insulin levels were also significantly increased by WSD (effect of diet: P < 0.01) and T (effect of testosterone: P = 0.03) during gestation (Fig. 3B) . Significantly elevated fasting insulin levels were detected in the T + WSD group compared to all other groups at GD90, and T + WSD females remained elevated compared to C and T groups on GD115 (all P < 0.05). Similar to fasting insulin, the homeostatic model assessment of insulin resistance (HOMA-IR; glucose × insulin/405) increased during pregnancy in all groups (effect of gestation: P = 0.02; Fig. 3B ). There was a significant effect of WSD (effect of diet: P < 0.01) and T (effect of testosterone: P = 0.01) to further increase HOMA-IR across gestation. Significantly higher HOMA-IR was detected in the T + WSD group compared to all other groups at GDs 90 and 115 (all P < 0.05).
To further assess glucose homeostasis and peripheral insulin sensitivity, ivGTT were performed at GD115 (late second trimester; Fig. 4A and D) . There was an overall effect of WSD to increase glucose AUC (effect of diet: P < 0.01), and an interaction of testosterone and WSD to further increase AUC (effect of testosterone × diet: P = 0.01), with the T + WSD group having elevated AUCs compared to C and T groups (both P < 0.01; Fig. 4A and B). Insulin AUC was similar across the four groups during pregnancy ( Fig. 4D and E) . GTTs from the second trimester were compared to prepregnancy GTTs (previously reported in ), and there was a significant effect of T-treatment (effect of testosterone: P = 0.01) to increase the percent change in glucose AUC during pregnancy and a significant interaction for the combination of T + WSD to further increase the percent change in glucose AUC (diet × testosterone: P < 0.01; Fig. 4C) . A significantly increased change in pregnancy glucose AUC was induced by T + WSD treatment compared to all other groups (all P < 0.05; Fig. 4C ). All groups demonstrated an increase in the insulin AUC during pregnancy, but there were no group differences in the magnitude of this increase (Fig. 4F) . Primary and secondary lobes were identified by fill characteristics. Falsecolored representative images from each treatment group are depicted under chart. Diet and lobe effects were determined by mixed-model analyses and are included as text inserts within the graph. Different uppercase letters indicate significant differences between treatment groups (P < 0.05, C vs T + WSD P = 0.05), while lower case letters indicate differences between lobes (P < 0.05). Asterisks denote trend between secondary lobe of C and WSD groups (P = 0.10). Pregnancy outcomes were compared to prepregnancy metabolic measurements to determine whether existing metabolic health was associated with infertility and/or poor gestational outcomes. Prepregnancy fasting glucose, insulin and HOMA-IR were all higher in the group of animals that did not become pregnant or lost their pregnancy prior to GD135, regardless of treatment group (Table II) . Body weight, percent body fat, BMI, GTT glucose AUC and GTT insulin AUC all tended to be higher in the non-viable/non-pregnant group as well, although these differences were not significantly different (P > 0.05). Animals in the non-viable/non-pregnant group were all consuming a WSD, which is expected to worsen insulin sensitivity; therefore, we also compared viable vs non-viable/non-pregnant metabolic factors only within the WSD-groups (WSD, T + WSD). Fasting insulin, HOMA-IR and GTT glucose AUC trended higher (P = 0.06-0.1) in the non-viable/non-pregnant group even when compared to viable pregnancies only in the WSD-treated groups (data not shown).
Maternal steroid and lipid levels
Serum E2 levels increased during pregnancy to peak in all females at GD115, but then declined at GD135 (effect of gestation P < 0.01; Fig. 5A ). While an overall significant effect of WSD was detected (effect of diet: P = 0.003) this was due to increased levels of E2 in T + WSD females at GD115 compared to C and T groups. Serum E2 remained elevated in T + WSD group females until pregnancy termination at GD130-135 (WSD vs C, WSD vs T at GD115 and 130/135; all P < 0.05).
Serum P4 rapidly declined 3-7-fold between GD30 and 60 in all groups and remained between 2 and 3 ng/ml throughout the remainder of gestation (effect of gestation: P < 0.01; Fig. 5B) . A significant interaction between T and WSD was found for serum P4 levels during gestation (effect of testosterone × diet: P < 0.03). Levels were highest in the WSD group in the first trimester (GD30), while the lowest levels were measured in T + WSD females (WSD vs T + WSD, P < 0.01). At the time of pregnancy termination, P4 levels were again higher in WSD compared to control (C) females (P = 0.05).
C, T and T + WSD group females all displayed increased serum levels of A4 during gestation (gestational day P < 0.01; GD30 vs GD135 P < 0.01, 0.01, and 0.03), while serum A4 levels remained invariable in WSD group females during gestation (GD30 vs 135 P = 0.3; Fig. 5C ). An overall significant effect of T was detected (effect of testosterone: P = 0.05) on serum A4 levels throughout gestation, which was primarily due to increased average levels measured in T + WSD group females at GD115 and 135. Analyses of lipid levels in blood samples collected from dams immediately prior to pregnancy termination (GD130-135) indicated that cholesterol levels were significantly increased in WSD groups (effect of diet: P = 0.05; Fig. 6 ). However, there were no significant differences between the four groups. HDL levels were significantly greater with Ttreatment (effect of testosterone: P = 0.05), but again there were significant differences between the four groups. Triglyceride and LDL levels appeared similar across the four groups.
Fetal measurements
Fetuses collected at pregnancy termination were measured to examine whether maternal WSD and/or testosterone treatment had any effect on gross measurements of size (Fig. 7) . Maternal diet decreased female fetus weight (effect of diet: P = 0.05), but post-hoc analysis for group differences was not possible (for either sex) due to small sample sizes. Maternal testosterone exposure increased male fetus weight (effect of testosterone: P = 0.05). Fetal weight correlated with maternal weight (slope: 0.02 ± 0.01, R 2 : 0.42, P < 0.01; data not shown); therefore, we also investigated normalized fetal weight (fetal weight/maternal weight). There was a significant interaction between maternal testosterone and diet to increase normalized female weight (effect of testosterone × diet: P = 0.04). Neither maternal testosterone or WSD exposure impacted normalized fetal weight in male fetuses. Female abdominal circumference was not affected by maternal testosterone or WSD (Fig. 7) . Male abdominal circumference was significantly increased by maternal WSD (effect of diet: P = 0.04). Similar to body weight, abdominal circumference also correlated with maternal weight (slope: 0.17 ± 0.03, R 2 : 0.52, P < 0.01; data not shown) and normalized values were also investigated (abdominal circumference/maternal weight). Testosterone increased normalized abdominal circumference in female fetuses (effect of testosterone: P < 0.01); and this was further increased by a testosterone and diet interaction (effect of testosterone × diet: P < 0.01). Maternal treatments had no effect on normalized abdominal circumference in male fetuses. Maternal treatments also had no effect on crown-rump measurements in female fetuses (Fig. 7) . Testosterone had a significant effect on crown-rump measurements in male fetuses (effect of testosterone: P = 0.05) depending on maternal diet. There was a significant interaction of testosterone and diet to increase crown rump (effect of testosterone × diet: P < 0.01). Head circumference was also measured but did not show any differences in female or male fetuses (data not shown). Neither crown rump nor head circumference correlated with maternal weight; therefore, normalized values were not determined.
Discussion
After 3-and-a-half years of characterizing the effects of early androgen and WSD exposure, beginning at menarche, on metabolic and reproductive function in female rhesus macaques, the current study sought to determine how these treatments and resulting symptoms alter fertility. While T-treatment increased the interval to achieve pregnancy, WSD-treatment reduced the number of pregnancies achieved during the four months of the fertility trial. Moreover, only the combination of T and WSD exposure was associated with pregnancy loss. Consistent with these observations was the finding that animals who had difficulty becoming pregnant or maintaining pregnancy also had elevated signs of insulin resistance prior to pregnancy. During gestation, both T and WSD appeared to decrease placental blood flow and alter pattern of steroid hormone production. Consistent with observations in the non-pregnant state, T + WSD worsens metabolic function during pregnancy and T + WSD pregnant females show modest hyperglycemia both in basal conditions and following a glucose challenge in the late second trimester, while all other groups were able to maintain relative euglycemia. These findings indicate that androgen, WSD and the combination are each contributing factors that may reduce the overall chance of a successful pregnancy.
The current model is particularly useful because of the presence of T exposure in the absence of an obesogenic diet, which facilitates discrimination between effects caused by androgens alone, an obesogenic diet alone, and the combination of these two factors. Current findings of diminished placental blood volume early in gestation in all treatment groups and altered steroid hormone levels in the third trimester with both T and WSD treatments are initial indications that both androgens and an obesogenic diet may have independent, but detrimental, effects on placental function. This hypothesis is consistent with previously published work demonstrating altered placental function in a monkey model of gestational obesity (Frias et al., 2011) , and may indicate that the detrimental effects of high-fat diet consumption are present prior to the onset of obesity. This study also found differences between WSD non-obese dams and WSD obese dams, indicating potentially independent effects of WSD-consumption and obesity. Maternal obesity is known to cause alterations in placental function in women. Specifically, maternal obesity is associated with increased placental size, placental inflammation, and pregnancy complications attributed to placental dysfunction such as preeclampsia (Catalano, 2010; Farley et al., 2009; Guelinckx et al., 2008; Weiss et al., 2004; Zhu et al., 2010) . PCOS patients also have increased risk of preeclampsia (de Vries et al., 1998; Katulski et al., 2015) , but whether this is due to the high rates of obesity in this population or some independent contribution from hyperandrogenemia is unclear (Haakova et al., 2003) . Further time-mated breeding experiments on this cohort of females will be performed to see if reduction in BV to the dominant/primary structure is a defining characteristic of the early gestational period in T, WSD and T + WSD pregnancies.
Animals consuming a WSD, regardless of T-treatment, had the lowest rates of pregnancy. To determine whether prepregnancy metabolic function was a predictor of fertility success, we segregated animals by whether or not they had a successful viable pregnancy. Interestingly, fasting insulin and glucose levels were elevated in animals with nonviable pregnancies and who failed to become pregnant. The nonviable/non-pregnant group was enriched for WSD-consuming animals; Figure 7 Fetal measurements at gestational Days 130-135. Early third trimester fetuses were measured for weight, abdominal circumference (cm), and crown-rump length (cm) following pregnancy termination. Fetal weight and abdominal circumference correlated with maternal weight at pregnancy termination; therefore, normalized fetal weight and abdominal circumference were also calculated. Individual graphs were generated for female (left column) and male fetuses (right column). Effect of diet and testosterone was determined by linear model analysis and is included as text within the graphs.
therefore, we also examined whether insulin sensitivity was associated with worsened fertility when only examining animals from the WSD and T + WSD groups. HOMA-IR remained elevated in the nonviable/non-pregnant group (P = 0.06), indicating that the animals with the worst insulin resistance had the poorest fertility outcomes even amongst animals that were all consuming an obesogenic diet. Interestingly, the T + WSD group had the poorest metabolic function during gestation, consistent with their decreased insulin sensitivity observed previously in the non-pregnant state . These findings are consistent with the observation that worsened prepregnancy insulin sensitivity is associated with a higher risk of the development of gestational diabetes (Clark et al., 1997) . Importantly, worsened glucose homeostasis during pregnancy is associated with an increased risk for the development of type 2 diabetes (Bellamy et al., 2009; Buchanan et al., 1998; Kim et al., 2002; Lee et al., 2007) , and follow-up studies in the current model will determine if insulin sensitivity recovers following pregnancy in the four treatment groups.
Hyperinsulinemia is prevalent in women with PCOS, and appears to be a main factor impacting pregnancy outcome in these patients (Chang et al., 2013; De Leo et al., 2011; Vanky et al., 2004 ). An in-vitro maturation/IVF/embryo transfer trial of PCOS patients found those with insulin resistance had reduced pregnancy rates compared to patients without insulin resistance (Chang et al., 2013) . Interestingly, this defect was associated specifically with implantation defects, since oocyte quality and pre-implantation embryogenesis were unaffected. Previous work from the current macaque model demonstrated decreased markers of uterine decidualization and receptivity in the T-treated animals of the current cohort, regardless of diet (Bishop et al. 2017a (Bishop et al. , 2017b . Notably, although a greater interval was required to achieve pregnancy, all Ttreated animals became pregnant during the fertility trial. But, unlike many lean women diagnosed with PCOS (Diamanti-Kandarakis and Dunaif, 2012), these T-only treated females are not yet insulin resistant . Our results are more similar to a recent report that non-clinically referred women with PCOS who are lean and not overweight show only mild hyperinsulinemia and euglycemia (Dumesic et al., 2016) . If implantation problems were present in this group, they were not strictly related to insulin resistance, which was not previously observed in the T-alone group, and were mild enough that they could be overcome eventually given the 100% pregnancy rate.
Of note, the high overall number of pregnancies in the C and T group at the end of the trial (100% in both groups) indicates that female macaques in the current study were in their reproductive prime, and were comparable in age to~18-year-old women (McGee et al., 2014) . Furthermore, no behavioral issues were identified during the time-mated breeding trial, and mating successfully occurred based on the presence of sperm in the reproductive tract. The high fertility rate may make it more difficult to detect subtle reproductive deficits. It may also indicate that the ability of WSD to reduce the pregnancy rate in the current cohort of macaques is actually an underestimate of the detrimental impact obesity may have on women seeking infertility treatments in the clinic who range in age from their late twenties to late thirties. The underlying mechanism for decreased fertility success in the WSD-treated groups, despite being in their reproductive prime age, is unclear. This WSD-treatment increased the number of degenerating oocytes in the current cohort of animals (Bishop et al. 2017a (Bishop et al. , 2017b ; therefore, it is possible that diminished oocyte quality resulted in lowered fertility rates in this group.
A unique opportunity of the current non-human primate model is the ability to study the effects of chronic androgen and WSD treatment not only on maternal health and fertility, but also on fetal development. Previous research has indicated many adult diseases may have early developmental origins (Barker, 1998) , and the current model offers the unique opportunity to determine how androgens and/or an obesogenic diet may alter fetal physiology. Research in humans, non-human primates and rodents all indicates that maternal obesity and insulin resistance may increase the risk of childhood obesity in their offspring (Boney et al., 2005; Hillier et al., 2007; Rivera et al., 2015; Sullivan et al., 2017) . The current study observed that although females from T + WSD dams appeared smaller, when normalized for maternal body weight these fetuses appeared larger. This result was driven largely by the low weights at pregnancy termination in two of the four T + WSD dams, including one that lost a large amount of weight at the end of pregnancy; further studies are needed to determine whether female offspring are more sensitive to maternal testosterone and WSD exposure. In addition to altered metabolic function, there is evidence that maternal environment can regulate offspring reproductive function later in life (Luzzo et al., 2012) . Particularly, studies in primates, sheep and rodents demonstrate that prenatal exposure to androgens is capable of mimicking many aspects of PCOS in adulthood, long after androgen exposure has been withdrawn (Abbott et al., 2009; Eisner et al., 2002; Foecking et al., 2005; Steckler et al., 2005) . The current model will allow for important detailed investigation into whether low levels of hyperandrogenemia, similar to those observed in PCOS patients, alters fetal development in primates in the presence and absence of obesity.
An important finding of the current study was that while WSD decreased the number of females that became pregnant, the combination of T + WSD was associated with pregnancy loss in two of the six pregnancies. Although the relative numbers are small, both of these losses resulted from alterations to normal embryogenesis, suggesting these were not related to uterine factors. Further studies investigating alterations to oocyte competency by T and/or WSD are ongoing (Bishop et al. 2017a (Bishop et al. , 2017b . The increase in pregnancy loss in the T + WSD group is also consistent with observations in PCOS women, where rates of miscarriage are reportedly as high as 40% (Jakubowicz et al., 2002) . Prior to pregnancy, as discussed, the T + WSD group also demonstrated the most significant metabolic dysfunction . Previous work in a non-human primate model of obesity model indicates that consumption of WSD results in uteroplacental dysfunction (Frias et al., 2011) and WSD-consuming dams that were obese had severe pregnancy complications such as placental infarctions and stillbirth compared to their non-obese counterparts. With continued treatment on the WSD, and increased rates of obesity in the WSD-alone group, it will be possible to further dissect whether pregnancy loss in the current model is (i) mainly due to changes in oocyte quality or is worsened by changes to uterine factors (as discussed above) or (ii) solely due to the poor metabolism observed in combined T + WSD treatment.
In summary, these data show that chronic exposure to mildly elevated levels of circulating androgens and consumption of an obesogenic diet beginning at puberty both contribute to impaired fertility plus altered gestational metabolism and steroidogenesis, albeit with different outcomes. The combination of androgen and WSD exposure worsens metabolic function during pregnancy to a greater extent than consumption of the WSD alone and is associated with pregnancy loss. Further studies on this cohort will reveal the impact of treatment reversal on both reproductive and metabolic health.
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